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SUMMARY 

Two motor-dr iven pumps were t e s t e d  i n  s imula ted  Brayton c y c l e  h e a t  
r e j  ect  ion  loops  us ing  dimethyl  po lys i loxane  (D. C . - 200) coo lan t  f l u i d .  
The pumps r a n  equa l ly  w e l l  on bo th  3-phase, 400 h e r t z ,  s i n e  wave power 
and 400 h e r t z  quas i - square  wave i n p u t  power from a s t a t i c  i n v e r t e r .  Pump 

2 p r e s s u r e  r i se  was a t  l e a s t  60 p s i  (41 N/cm ) from z e r o  flow t o  des ign  
flow of 3 . 7  gpm (1. 4X10-2 m3/min) 

Cav i t a t ion  was heard a t  a l l  f low r a t e s  when pump i n l e t  p r e s s u r e  was 
reduced below 1 2  p s i a  (8.3 N/cm2) 
u n t i l  flow s e p a r a t i o n  occurred a t  i n l e t  p r e s s u r e s  l e s s  than  1 p s i a  (0.7 N/cm2). 
The pump cont inued t o  ope ra t e  a t  a reduced p r e s s u r e  r i s e  and flow r a t e  
and a t  no time d i d  it s t o p  pumping f l u i d  completely.  

Pump performance however was n o t  a f f e c t e d  

INTRODUCTION 

The Brayton c y c l e  engine i s  engineered t o  produce between 2 and 1 5  
k i l o w a t t s  of  e l e c t r i c a l  power f o r  f u t u r e  space  a p p l i c a t i o n s  (refs. 1 through 
4)-  The powerplant c o n s i s t s  of a h e a t  sou rce ,  a power conversion u n i t ,  
a h e a t  r e j e c t i o n  system, and the engine c o n t r o l s .  The h e a t  r e j e c t i o n  
system is s p l i t  t o  provide  primary and secondary coo l ing  i n  p a r a l l e l  loops  
s h a r i n g  a common motor-driven pump. The coo lan t  i s  dimethyl  po lys i loxane  
(D.C.-200) a s i l i c o n e  l i q u i d .  

Long l i f e  and r e l i a b i l i t y  a r e  prime requirements  i n  a l l  a u x i l i a r y  
space  power systems. It  is important  t h e n ,  t h a t  the h e a t  r e j e c t i o n  loop 
and t h e  pump have z e r o  e x t e r n a l  leakage.  One way t o  be  c e r t a i n  of z e r o  
leakage is t o  e l i m i n a t e  any need f o r  s e a l s  i n  the pump by enc los ing  the 
motor and pump i n  a common housing,  and completely welding a l l  j o i n t s  i n  
the pump and r e j e c t i o n  loop.  



The purpose of t h i s  r e p o r t  is t o  p r e s e n t  experimental  performance 
c h a r a c t e r i s t i c s  of t h e  hermetic motor-driven pump. 

Two pumps were t e s t e d  i n  s imula ted  h e a t  r e j e c t i o n  loops shown i n  
f i g u r e  1. Only one loop is shown i n  f i g u r e  1, the second loop is i d e n t i c a l  
t o  t h a t  shown. The loops provide  coo l ing  f o r  e l e c t r o n i c  equipment mounted 
on co ld  p l a t e s .  The pumps and the coo lan t  loops a r e  p a r t  of the  e l e c t r i c a l  
subsystem of the Brayton c y c l e  engine.  The e l e c t r i c a l  subsystem is assembled 
a s  shown i n  f i g u r e  2 t o  e v a l u a t e  its performance under s imula ted  cond i t ions .  
Pump performance is p resen ted  a t  va r ious  vo l tqges  w i t h  a s i n e  wave i n p u t  
and a quas i - square  wave i n p u t  from a s t a t i c  inver te r . ,  The effect  of cav i -  
t a t i o n  on pump per formmee is a l s o  presented  f o r  one of the pumps a t  va r ious  
v o l t a g e s  and a t  des ign  flow r a t e  o f  3 .7  gpm (1.4X10-2 m3/min] 

Hnductisn-motor-powered c e n t r i f u g a l  pumps f o r  space  power gene ra t ing  
systems have been r epor t ed  i n  r e f e r e n c e s  5 through 8. The pumps t e s t e d  
were designed and manufactured by Pesco f o r  NASA L e w i s  Research Center 
under c o n t r a c t  number NAS3-10935 

PUMP DESCRIPTION 

The motor-driven pump ( f i g .  3) is an i n t e g r a l  hermeticAlly s e a l e d  
u n i t  c o n s i s t i n g  of a c e n t r i f u g a l  pump and a th ree-phase ,  400 h e r t z ,  0 , 3 6  
horsepower (269 wat t s )  w e t  motor mounted i n  a common housing. The designed 
pump n e t  p r e s s u r e  rise is 60 p s i  (41 N/em2) minimum a t  3 - 9  gal/mfn 
(1.4X10-2 m3/min) and a t  a motor (ae r m s >  l i n e  v o l t a g e  of 39 to 47 v o l t s .  
Nominal speed is 11 ,000  rpm (6*9X104 rad/min) 

The motor r o t o r  is supported on a s h a f t  between two carbon s l e e v e  
bea r ings  ( f ig -  4) e The pump impe l l e r  is overhung on one end of t h e  s h a f t .  
The ends of the s l e e v e  bea r ing  which is l o c a t e d  between the  impe l l e r  and 
motor r o t o r  s e r v e s  a s  a two way thrust  bear ing.  A m e t a l l i c  f i l t e r  sf 
2 micron (2XlOa6 m) nominal r a t i n g  is l o c a t e d  on the i n l e t  s i d e  of the 
impe l l e r .  F l u i d  e n t e r i n g  the u n i t  pas ses  i n  sequence through the f i l t e r ,  
i m p e l l e r ,  d i f f u s e r ,  and motor where it cooPs the r o t o r  and s t a t o r  windings 
by d i r e c t  c o n t a c t ,  and l u b r i c a t e s  the bear ing .  

The c y l i n d r i c a l  motor pump housing is clamped t o  The mounting b racke t  
by means of two a d j u s t a b l e  metal  s t r a p s .  
b r a c k e t s ,  t h e  o r i e n t a t i o n  of the i n l e t  and d i scha rge  l i n e s  can be  r e a d i l y  
changed. 

By r o t a t i n g  the housing i n  the  

The motor is equipped w i t h  i ron-cons tan tan  thermocouples and a speed 
sens ing  device .  
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TEST FACILITY 

Each induction-motor-powered c e n t r i f u g a l  pump assembly was t e s t e d  
i n  a s imula ted  Brayton engine h e a t  r e j e c t i o n  loop  shown i n  f i g u r e  1, 
Dimethyl po lys i loxane  (D. C. -200) , a s i l i c o n e  l i q u i d  w i t h  a v i s c o s i t y  of 
two (2) c e n t i s t o k e s  a t  7 7 O  F (298O IS), s e r v e s  a s  the crooling f l u i d .  The 
c o l d p l a t e s  a r e  u s e d , t o  remove was te  h e a t  from the  e l e c t r o n i c  equipment 
i n  a vacuum environment, The accumulator a l lows  f o r  any d i f f e r e n t i a l  
thermal  expansion and c o n t r a c t i o n  of  the pumped f l u i d  (D.C.-200). And 
a l s o  provides  a n e t  p o s i t i v e  s u c t i o n  head (NPSH) a t  the  pump i n l e t .  
The p r e s s u r e  0x1 the g a s  s i d e  of t h e  accumulator is regu la t ed  t o  i n c r e a s e  
or  dec rease  the pump NPSH [fig. E) 

The d i scha rge  flow of the pump is s p l i t  t o  provide  0.58 gpm [2.2Xl0-3 
m3/min> des ign  flow through the c o l d p l a t e s  and the ba lance  t r a v e l s  through 
a bypass l i n e  which s imula t e s  the flow through o t h e r  Brayton engine com- 
ponents.  The two then  u n i t e  and r e t u r n  t o  the s u c t i o n  s i d e  of the pump. 
P res su re  readings  a r e  taken  a t  t h e  s u c t i o n  and d i scha rge  s i d e  of the pump. 
Plow meters a r e  l o c a t e d  i n  the main d i scha rge  l i n e  and i n  each of the two 
branch l i n e s ,  

E l e c t r i c a l  power is fu rn i shed  t o  the pump by a s t a t i c  i n v e r t e r .  A 
de supply provides  the i n v e r t e r  i n p u t  power a t  p lus  (+I and minus (-1 
28 v o l t s .  T h i s  r e s u l t s  i n  an e f f e c t i v e  i n p u t  v o l t a g e  of 56 v o l t s .  The 
i n v e r t e r  is a t r a n s f o r m e r l e s s  b r i d g e  t y p e ,  and provides  a 400 h e r t z ,  
three-wire, th ree-phase  output .  The l i n e - t o - l i n e  outgut  v o l t a g e  is quas i -  
squa re  wave i n  form and has  a peak v o l t a g e  approximately equal  t o  the 
i n p u t  v o l t a g e ,  F igure  5 shows bo th  the i d e a l i z e d  and a c t u a l  l i n e - t o -  
l i n e  o u t p l t  v o l t a g e  wave form, The pump motors a r e  400 hertz induct ion  
type  and were designed s p e c i f i c a l l y  f o r  ope ra t ion  w i t h  the i n v e r t e r .  

The three-phase  s i n e  wave power used t o  t e s t  the pumps was supp l i ed .  
by a 400 hertz motor-generator se t .  T h i s  s i n e  wave power is used f o r  
pre l iminary  ground t e s t i n g  only ,  

~ N ~ T R ~ ~ ~ ~ A ~ ~ ~ ~  

The ins t rumen ta t ion  f o r  the s imula ted  h e a t  r e j e c t i o n  loop c o n s i s t s  
of t u r b i n e  flow meters, cryogenic  s t r a i n  gage p r e s s u r e  t r a n s d u c e r s ,  copper- 
cons tan tan  and i r o n  cons tan tan  thermocouples,  and a P i r a n i - t y p e  vacuum 
SPge 0 

Turbine flow meters a r e  used t o  measure the  d i scha rge  flow of the 
pump, flow t o  the c o l d p l a t e s ,  and flow through the bypass loop. The d i s -  
charge and bypass flow meters have a flow range of 0.5 t o  5 - 0  gal/min 
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(0.19X10-2 t o  1.9X10-2 m3/min) P u l l  scale  output  f o r  these meters is 
1400 Hz. The c o l d p l a t e  flow meter has  a f u l l  s c a l e  output  of 1200 Hz 
a t  a flow r a t e  of 2,s gpm (0.95X10-2 m2/min> 
is connected t o  frequency-to-de conve r t e r s .  The r e s u l t a n t  dc v o l t a g e  i s  
s e n t  through a c a l i b r a t i o n  poten t iometer  t o  a d e  meter f o r  v i s u a l  readout .  
The dc  meters a r e  c o n t r o l l e r  t y p e  w i t h  a high and low l i m i t  s e t t i n g .  If 
the flow goes ou t  of l i m i t s  an alarm sounds t o  a l e r t  the ope ra to r ,  The 
accuracy a t  the dc meter is 2 4.0 percen t  of f u l l  s c a l e .  

The output  of the flow meters 

The cryogenic  s t r a i n  gage p r e s s u r e s  t r ansduce r s  a r e  used t o  monitor 
the  s u c t i o n ,  d i scha rge ,  and f i l t e r  p r e s s u r e s  of the pump. The i n l e t  
p r e s s u r e  t o  the  c o l d p l a t e s  and the accumulator p r e s s u r e  a r e  a l s o  recorded.  
The t r ansduce r s  a r e  designed t o  ope ra t e  over a p r e s s u r e  range of 0 t o  100 
p s i  (0 t o  69 N/cm2) and provide  a 20 m i l l i v o l t  f u l l  s c a l e  s i g n a l .  
20 mV s i g n a l  is s e n t  t o  an a m p l i f i e r  t o  produce a 10 v o l t  de  f u l l  s c a l e  
s i g n a l  which i n  t u r n  is read  out  on a 1 0  v o l t  vo l tmeter .  

The 

The vo l tme te r s  a r e  of the c o n t r o l l e r  t y p e  w i t h  high and low l i m i t  
s e t t i n g s .  If the  p r e s s u r e  goes ou t  of l i m i t s  an aharm sounds t o  a l e r t  
t he  ope ra to r .  The  accuracy a t  the  dc  meters is 2 3.0 percen t  of f u l l  
s c a l e .  

Copper-constantan thermocouples a r e  used t o  measure the  tempera ture  
of the dimethyl  po lys i loxane  (D.C.-200) f l u i d  i n  the c o l d p l a t e s .  The 
thermocouples a r e  spot-welded t o  a t h i n  metal  s t r a p  and the s t r a p ,  i n  
t u r n ,  spot-welded t o  the s t a i n l e s s  s t e e l  t u b e  w i t h  the  thermocouples ig 
between. The e l e c t r i c a l  s i g n a l  from the thermocouples is f e d  t o  a 150 F 
(339' K) r e f e r e n c e  oven. The output  of the  r e f e r e n c e  oven is connected 
t o  a mul t ipo in t  s t r i p  c h a r t  r eco rde r .  Accuracy of the readings  a t  the  s t r i p  
c h a r t  r eco rde r  is 2 0.3 percent .  

A P i r a n i - t y p e  vacuum gauge was used t o  measure the p r e s s u r e  i n  the 
g a s  s i d e  of the accumulator.  P re s su re  is i n d i c a t e d  on two meter scales;  
one from 500 t o r r  $67,000 N/m2) t o  0 . 1  t o r r  (13 N/m2) 5 and the o t h e r  from 
LOO micron (13 N/m ) t o  1 micron (0,13 N/m2) 
d i r e c t l y  from the  gauge. 

The p r e s s u r e  was r ead  

RESULTS AND DISCUSSION 

Two pumps were t e s t e d  i n  i d e n t i c a l  s imula ted  Brayton c y c l e  h e a t  
r e j e c t i o n  loops.  P res su re  r i se ,  power i n p u t ,  and o v e r a l l  e f f i e i e n c y  
were p l o t t e d  f o r  va r ious  v o l t a g e s  a t  d i f f e r e n t  flow r a t e s ,  
of c a v i t a t i o n  on the pump performance was a l s o  recorded a s  a func t ion  
of pump-inlet n e t  p o s i t i v e  s u c t i o n  head (NPSH). 
is i d e n t i c a l .  The f a b r i c a t i o n  is a l s o  i d e n t i c a l  w i t h  one except ion.  

The effect  

The des ign  of each pump 
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One of the n i n e  h o l e s  i n  the d i f f u s e r  dev ia t ed  1 2 %  
s p e c i f i c a t i o n s  ( f ig .  6); T h i s  d e v i a t i o n  was accepted and the  d i f f u s e r  
became p a r t  of pump-B, 

(0.22 rad) from 

Performance curves  f o r  pumps A and B a r e  presented  i n  f i g u r e s  7 and 
8. The pumps were run  on three phase ,  400 h e r t z ,  ac  power a t  33V, 38V, 
43V, and 48V, l i n e - t o - l i n e  i n p u t  vo l t ages .  The temperature  of the f l u i d  
ranged from 29' C (302' K) t o  33' C (306' K) .  A s  expected the i n p u t  power 
inc reased  a s  the v o l t a g e  inc reased  and t h e r e f o r e  the p r e s s u r e  r i s e  i s  
g r e a t e r  a t  the higher vo l t ages .  The  shape of the o v e r a l l  e f f i c i e n c y  curve  
i s  approximately the same f o r  bo th  pumps. Pump A ,  however, is 1 t o  2 
percentage  p o i n t s  higher throughout  the flow range.  The main d i f f e r e n c e s  
is i n  the head o r  r e s s u r e  r ise ,  The p r e s s u r e  r i se  i n  pump A is even up 
t o  2 gpm (0.76XSO-5 m3/min) and reaches  a peak a t  3 gpm (l.lX10-2 m3/min) 
b e f o r e  dropping t o  a minimum va lue  a t  maximum flow r a t e .  The p r e s s u r e  
r i s e  i n  pump B is maximum a t  the lowes t  flow r a t e  and g radua l ly  dec reases  
u n t i l  it reaches  a minimum p r e s s u r e  rise a t  the maximum flow r a t e .  The 
d i f f e r e n c e  i n  pump performance is  due t o  the machining d i f f e r e n c e  i n  the 
d i f f u s e r .  Both pumps, however, a r e  w i t h i n  the des ign  s p e c i f i c a t i o n s  of 
60 p s i  minimum p r e s s u r e  r i s e  (41 N/cm2) a t  3.7 gpm flow (1,4X10-2 m3/min) 
and 39 t o  47 v o l t s  l i n e  t o  l i n e .  I t  is  s i g n i f i c a n t  t h a t  the pumps a l s o  
r a n  s a t i s f a c t o r i l y  a t  33 v o l t s  which is  w e l l  below t h e  des ign  v o l t a g e  
range.  
1 4  p s i a  (9.7 N/cm2) f o r  pump B. 
e f f e c t e d  by the i n l e t  p r e s s u r e  a s  long  a s  the i n l e t  p r e s s u r e  remains above 
the  c r i t i c a l  NPSH. 

The i n l e t  p r e s s u r e  f o r  pump A was maintained a t  2 1  p s i a  (14 N / c m 2 ) ;  
The p r e s s u r e  r i s e  or t o t a l  head is no t  

The effect  of c a v i t a t i o n  on pump performance us ing  s i n u s o i d a l  power 
a t  l i n e  vo l t ages  of 35, 40, 45, and 50 v o l t s  ( r m s ]  and a t  des ign  f low,  
3.7 gpm (1.4X10-2 m3/min) , is shown i n  f i g u r e  9 .  Pump B was chosen for 
t h i s  t e s t .  F lu id  tempera ture  ranged from 29O C (302O K) t o  33* C (306O K]. 
C a v i t a t i o n  a s  evidenced by s h a r p  c rack ing  sounds of very s h o r t  d u r a t i o n  
could be heard  coming from t h e  pump housing a t  approximately 1 2  p s i a  
(8-3  N/cm2) i n l e t  p r e s s u r e .  The frequency of  t h e  n o i s e  is very low and 
d i sappea r s  when the i n l e t  p re s su re  is inc reased  above 1 2  p s i a  (8.3 N/cm2] 
The frequency of the n o i s e  begins  t o  i n c r e a s e  a s  the NPSH is reduced. 
The n o i s e  l e v e l  and frequency were noted by the  ope ra to r  w i t h  the  a i d  
of a s t e thoscope .  

The performance of the pump was unaf fec ted  u n t i l  very low i n l e t  
p r e s s u r e s  (1 p s i  (6.9X103 N/m2) o r  less) caused flow s e p a r a t i o n .  The 
des ign  s p e c i f i c a t i o n s  only r e q u i r e  t h e  pump t o  d e l i v e r  des ign  head and 
flow a t  a minimum NPSH of 20 p s i  (14 N/cm2) Even a f t e r  f low s e p a r a t i o n  
and ex tens ive  vapor formation the pump cont inued t o  ope ra t e  a t  a reduced 
p r e s s u r e  r i s e  and flow r a t e  and a t  no t i m e  d i d  it s t o p  pumping f l u i d  
completely.  The cont inued performance a t  very low i n l e t  p re s su res  is due 
t o  the low vapor p r e s s u r e  of D.C.-200, 168 microns (0.00325 ps i a )  a t  90' F 
(22,4 N/m2 a t  305' K) and a g a s - f r e e  system. A vacuum of 10  microns 



(1.3 N/m2) was e s t a b l i s h e d  i n  the  h e a t  r e j e c t i o n  loop  b e f o r e  f i l l i n g  w i t h  
D.C.-200. 
the D,C.-200 fill t a n k  t o  ensure  a g a s - f r e e  system. 

And a vacuum of 200 microns (27 N/m2) w a s  e s t a b l i s h e d  above 

The pumps were nex t  run w i t h  a s t a t i c  i n v e r t e r ,  The i n p u t  v o l t a g e  
was v a r i e d  a s  seen  i n  figures 1 0  and 11. The performance curves  a r e  very 
s i m i l a r  t o  the curves  i n  f i g u r e s  7 and 8. The i n p u t  power and p r e s s u r e  
r i se  is s l i g h t l y  lower then  the s i n u s o i d a l  r e s u l t s  f o r  the same i n p u t  
vo l t age .  The o v e r a l l  e f f i c i e n c y  of the  pumps when supp l i ed  by the i n -  
v e r t e r s  is s l i g h t l y  higher a t  equal  f low r a t e s  t han  when supp l i ed  by the  
400 h e r t z  s i n e  wave except  a t  the  lower (33V) v o l t a g e .  The d i f f e r e n c e  
a t  the higher vo l t ages  i s  w i t h i n  experimental  e r r o r ,  The lower e f f i c i e n c y  
a t  the  lowes t  (33V) v o l t a g e  w i t h  the i n v e r t e r  supply is most probably caused 
by d e t e r i o r a t i o n  i n  the  wave form output  of  t h e  i n v e r t e r .  The i n v e r t e r s  
were designed t o  ope ra t e  over an i n p u t  v o l t a g e  range  of 50 t o  60 v o l t s  
dc.  To ob ta in  the 33 v o l t s  ac  ou tpu t ,  the inpu t  v o l t a g e  was 42.5 dc which 
i s  w e l l  below the minimum des ign  p o i n t .  

The e f fec t  of c a v i t a t i o n  on pump performance us ing  the s t a t i c  i n v e r t e r  
power a t  va r ious  vo l t ages  is shown i n  f igure 1 2 .  The r e s u l t s  a r e  s i m i l a r  
t o  t h o s e  obta ined  w i t h  s i n e  wave power shown i n  f i g u r e  9 .  The c rack ing  
sounds were heard  a t  approximately 1 2  p s i a  (8.3 N/cm2) and inc reased  a s  
the  i n l e t  p r e s s u r e  was lowered. Flow s e p a r a t i o n  and ex tens ive  vapor 
formation occurred a t  a s l i g h t l y  higher NPSH w i t h  the i n v e r t e r  power. 
But a s  w i t h  s i n e  wave power the  pump cont inued t o  o p e r a t e  a t  a reduced 
p r e s s u r e  r i s e  and flow r a t e  and a t  no t i m e  d i d  it s t o p  pumping f l u i d  
completely.  

Motor s h a f t  speed i n  rpm is shown i n  f i g u r e  13  f o r  d i f f e r e n t  f low 
ra tes  for  pump B w i t h  i n v e r t e r  power. A s  expected t h e  speed i n c r e a s e s  
w i t h  i nc reased  v o l t a g e  and becomes l e s s  dependent on f l u i d  flow or  load .  

SUMMARY OF RESULTS 

Two pumps were t e s t e d  i n  a s imula ted  Brayton c y c l e  h e a t  r e j e c t i o n  
loop us ing  dimethyl  po lys i loxane  (D.C.-200) coo lan t  f l u i d .  The pumps 
r a n  equa l ly  w e l l  on b o t h  3-phase, 400 her tz ,  s i n e  wave power and quas i -  
s q u a r e  wave i n p u t  power from a s t a t i c  i n v e r t e r ,  meeting s p e c i f i c a t i o n s  
i n  bo th  cases .  ressure r i s e  of 60 p s i  (41 N/cm2) 
minimum a t  des ign  flow of 3.7 gpm (1.4X10-3 m2/min) when w i t h i n  the des ign  
motor l i n e  v o l t a g e  range  of 39 t o  47 v o l t s  ( r m s )  - 

C a v i t a t i o n ,  evidenced by sha rp  c rack ing  sounds,  occurred a t  pump 
i n l e t  p r e s s u r e  of approximately 1 2  p s i a  (8.3 N/cm2) 
i nc reased  a s  the i n l e t  p r e s s u r e  was decreased.  Pump performance, however, 
was no t  a f f e c t e d  u n t i l  f low s e p a r a t i o n  occurred a t  i n l e t  p r e s s u r e s  less 

Both pumps m e t  the  des ign  

The n o i s e  frequency 
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than  1 p s i a  (0.7 N/cm2) 
formation,  t h e  pump continued t o  ope ra t e  a t  a reduced p res su re  r i se  and 
flow r a t e  and a t  no t i m e  d i d  it s t o p  pumping f l u i d  completely.  

After flow s e p a r a t i o n  and ex tens ive  vapor 
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Fig. 2. - Brayton cycle electrical subsystem with simulated heat rejection loop. 

Fig. 3. - Pump motor assembly for Brayton cycle heat rejection loop, 
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